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In Brief
McCairn et al. identify a locus for initiating vocal tics in the nucleus accumbens, and knock-on disrupted global networks are identified through PET imaging and electrophysiology. Vocal tics were associated with increased alpha phasephase coupling between limbic and motor networks.
INTRODUCTION
The term ''vocalization'' denotes a range of vocal productions encompassing not only human speech and animal calls, but also nonverbal sounds-including laughing or crying and emotional intonations related to fear, rage, or threat. Other miscellaneous noises, such as throat clearing or coughing, under appropriate conditions, can be made elaborately to attract attention from or convey communicative intentions to others. Given the importance of vocalizations, their dysfunction can lead to profound impacts on daily living. In Tourette syndrome (TS), as well as simple motor tics, patients often suffer from irrepressible attacks of vocalizations. Vocal tics range from simple forms, e.g., throat clearing, grunting, etc., to complex, such as swearing (coprolalia) or other socially inappropriate outbursts (Robertson et al., 2009 ; The Tourette Syndrome Classification Study Group, 1993) . Unlike motor tics generated by the ''sensorimotor loop'' of the cortico-basal ganglia network ( Figure S1A ), which have been extensively investigated in the monkey (McCairn et al., 2009 (McCairn et al., , 2013 , it remains unclear what neural networks and mechanisms are responsible for the expression of vocal tics.
In nonhuman primates, vocalization is under the control of two hierarchically organized neural pathways (Jü rgens, 2009) . One pathway runs from the anterior cingulate cortex (ACC) via the periaqueductal gray into the reticular formation, which in turn innervates phonatory motoneurons in the brainstem and spinal cord. The second pathway runs from the primary motor cortex (M1) via the reticular formation to phonatory motoneurons. Consistent with these anatomical investigations, the ACC and M1 in monkeys display readiness potentials preceding voluntary utterance (Gemba et al., 1995) . This argument points to the importance of the ACC and M1 in vocal control. The M1 constitutes part of the sensorimotor cortico-basal ganglia loop (Alexander et al., 1986) that is responsible for the expression of motor tics (McCairn et al., 2009 (McCairn et al., , 2013 , whereas the ACC participates in a different cortico-basal ganglia circuit, called the ''limbic loop'' that is involved in emotional and motivational processing (Figure S1A) (Alexander et al., 1986; Morecraft and Van Hoesen, 1998) . One may therefore view that responsible networks and mechanisms for vocal tics do not fundamentally differ from those for motor tics. According to this view, the only difference resides in the affected body part. However, this view is not immediately supported by the existing literature. The behavioral phenotype in the primate TS model has so far been confined to motor tics. No studies have consistently evoked vocal tics using animal models affecting the sensorimotor loop.
We therefore tested another hypothesis, that vocal tics might in fact be produced by abnormalities in the limbic loop that involves the ACC. In this study we show that the injection of bicuculline into the nucleus accumbens (NAc), a central component of the limbic striatum, was indeed capable of inducing vocal tics in monkeys. Whole-brain PET imaging revealed prominent activation in the ACC, amygdala, and hippocampus, confirming the involvement of the limbic network. Electrophysiological recording showed repetitive neuronal discharges in the NAc and ACC (area-24c) associated with vocal tic generation. Furthermore, recorded local field potential (LFP) showed an increased phase-phase coupling of alpha oscillations between the NAc, ACC, and M1 during vocal tic behavior.
RESULTS
In order to disrupt physiological activity in the limbic and sensorimotor networks, we injected a small amount of the GABA antagonist bicuculline into the NAc (limbic) or the putamen (sensorimotor) (Figures S1B and S1C) in five monkeys (Experimental Procedures). This pharmacological protocol was chosen, among others, because (1) tic disorders in TS are hypothesized to arise from dysfunctional, local GABAergic circuits (Kalanithi et al., 2005; Lerner et al., 2012) and (2) the effect of bicuculline is rapid, thereby bypassing concerns associated with compensatory mechanisms. Our injection protocol for the NAc successfully evoked repetitive complex vocalizations ( Figure 1A ). The sound of their frequency spectrum was best described as a ''grunt'' (Fukushima et al., 2014; Green, 1975) (Figure 1C and Movie S1). As the vocalization was structured and comparable to vocalizations made by normal monkeys, we suggest that the induced vocalizations are akin to a complex vocal tic in human patients. The site that caused vocal tics was consistently localized in the NAc across all the monkeys, i.e., approximately 4 mm rostral to the anterior commissure ( Figure 1D , left). To elicit motor tics, the bicuculline injections had to be placed in the dorsolateral sensorimotor putamen ( Figure 1D , right), caudal to the anterior commissure. In such cases (n = 4 monkeys) where repetitive tics occurred in the orofacial region ( Figure 1B and Movie S2) and/or the arm region ( Figure S1D and Movie S3), no vocal tics were ever observed. The average duration of individual motor tics was 780 ms, which was significantly longer than that of vocal tics (254 ms; p < 0.0001, t test; Figure S1E ). The localization of vocal tics to the NAc supports the premise that vocal tics emerge as a consequence of limbic network dysrhythmia.
To compare the behavioral properties between vocal and motor tics, we plotted time-dependent changes of inter-tic intervals in a representative session for vocal tics ( Figure 2A ) and motor tics ( Figure 2B ). In the exemplified cases, vocal tics tended to emerge every 2-4 s, most typically seen in the period between 400 s and 1,200 s following the drug delivery ( Figure 2A ). By contrast, motor tics tended to emerge every 1 s or so ( Figure 2B ). Our quantitative analysis across the sessions showed that, on average, the inter-tic interval was significantly longer during vocal tics (3.4 ± 3.3 s [mean ± SD]) than during motor tics (1.8 ± 1.3 s; p < 0.0001, t test; Figure S2A ). The occurrence of tics shifted back and forth between more regular states (lower coefficient of variance [CV] ) and more random states (higher CV) during both vocal tics (black broken line) and motor tics (red broken line) ( Figure 2C ). However, the average CV was significantly higher in vocal tics (black solid line; 0.69 ± 0.33 [mean ± SD]) than in motor tics (red solid line; 0.63 ± 0.21; p < 0.0001, t test), although the difference was numerically small. Our next step was to identify more globally which brain regions were activated following disinhibition of the NAc. We found that regional cerebral blood flow (rCBF) significantly increased in the ACC, especially area-24c, amygdala, and hippocampus, bilaterally (T value > 3.37, uncorrected p < 0.001; Figure S3 ). This activation pattern was unique to the vocal tic model; in the motor tic model, significant increases in rCBF were observed in the M1 on the side ipsilateral to the injection site and in the cerebellum on the contralateral side ( Figure S3 ). The contrasting activation profile was best captured by a direct comparison of rCBF between the two tic models. The ACC, amygdala, and hippocampus were each activated significantly more strongly in the vocal tic model than in the motor tic model (T value > 5.47, corrected p < 0.05) ( Figure 2G ). By contrast, M1 and the cerebellum were activated significantly more strongly in the motor tic model (T value > 5.47, corrected p < 0.05).
What might be the physiological basis for the over-activation of rCBF in the limbic network? To answer this question, we performed multisite recordings of LFPs. We found that immediately after the bicuculline delivery into the NAc, repetitive large deflections of LFPs-an electrophysiological marker of aberrant neuronal discharges called LFP spikes (McCairn et al., 2009 (McCairn et al., , 2013 )-emerged in both the injection site and the ACC (area24c) ( Figure 3A) . The LFP spikes were also identifiable in the M1, but their amplitude was much smaller ( Figure 3A) . Importantly, the occurrence of LFP spikes in the ACC (and also the NAc) outnumbered that of vocal tics. This finding reflects the fact that not all LFP spikes triggered vocal tics, although each tic event was preceded by an LFP spike in the ACC. Interestingly, however, on other occasions, vocal tics could readily occur without preceding LFP spikes ( Figure 3B , gray rectangle). It should also be noted here that the spectrographic feature of vocal tics was qualitatively similar irrespective of the existence of preceding LFPs ( Figure 3C ).
In the motor tic model, following bicuculline injections into the dorsolateral (sensorimotor) putamen, prominent LFP spikes were identified in the M1 as well as in the injection site ( Figure 3D) . Crucially, the number of LFP spikes in the M1 (and also the putamen) was comparable with that of motor tics ( Figure 3D ), indicating that the occurrence of LFP spikes corresponds well to emergence of behavioral tics. When we performed spiketriggered averaging of EMG records using LFP spikes in the dorsolateral putamen ( Figure 3E ), there was a clear, single peak of tic-related EMG that immediately followed the LFP spike onset (time = 0). However, when the same analysis was performed for vocal records using LFP spikes in the NAc as a trigger, there were two peaks in the vocal activity, with the first peak preceding the LFP spike onset ( Figure 3F ), indicative of a weaker causal relationship.
The size of LFP spikes was significantly smaller in the ACC (area-24c) during vocal tics than in the M1 during motor tics (p < 0.0001, t test; Figure S2B ). Shorter LFP spikes in the ACC mirror the shorter length of vocal tics ( Figure S1E ). The size of LFP spikes in the NAc versus the putamen was comparable in the two tic states ( Figure S2B ). The temporal interval between individual LFP spikes, i.e., inter-LFP-spike intervals, was significantly longer in vocal tics than in motor tics (p < 0.0001, t test; Figure S2C ). This observation also reflects the longer inter-tic interval in the vocal tic model ( Figure S2A ). Like behavioral tic expressions, the occurrence of LFP spikes shifted back and forth between more regular states and more random states. However, such a transition was less pronounced in vocal tics ( Figure 2D ) than in motor tics ( Figure 2E) . Indeed, the regularity of LFP spikes was, on average, significantly higher in the vocal tic state (CV, 0.32 ± 0.03 [mean ± SD]) than in the motor tic state (CV, 0.47 ± 0.04; p < 0.0001, t test; Figure 2F ). The finding that vocal tics occurred more irregularly ( Figure 2C ) despite more regular expressions of LFP spikes ( Figure 2F ) may represent a seemingly weaker causal coupling between neural and behavioral events for vocal tic generation, as described above. Therefore, there are two electrophysiological conditions in which vocal tics occur, i.e., with and without LFP spikes. To better understand what is happening in the cortico-basal ganglia networks during vocal tics, we carried out more detailed analyses using LFP data, specifically power spectral density (PSD) and phase-phase coupling. Initially, LFP spikes that were definitively associated with vocal tics were extracted from the dataset, and PSDs were calculated on the LFP data from the NAc, ACC (area-24c), and M1 and compared to LFPs acquired in the pre-injection stage. The analysis revealed two significant findings: for each of the investigated regions, there was an increase in the power of the PSD in the alpha range (7-12 Hz), which was particularly prominent in the NAc and ACC ( Figure 4A ). As a corollary of this signal, we also identified increased phasephase coupling in the same range between the NAc and the limbic/motor cortices ( Figures S4A and S4B) . We performed the same analyses on the LFP data associated with vocal tics where no LFP spikes were evident and found no detectable increase relative to control data in the PSD analysis of the NAc, ACC, and M1 (data not shown). When using phase-phase coupling, however, it can be seen in the phase-phase coupling plots that NAc: ACC and NAc: M1 both show elevated coupling in the alpha frequency band (Figures 4B and 4C) . A statistical analysis of the alpha frequency band showed that the observed elevation in alpha was significant for NAc: ACC (tic PPCS, 0.26 ± 0.006 versus control PPCS, 0.23 ± 0.007; p = 0.0034, t test [mean ± SEM]) ( Figure 4D) . A similar result was observed for the NAc: M1 pairing (tic PPCS, 0.28 ± 0.008 versus control PPCS, 0.24 ± 0.007; p < 0.0001, t test [mean ± SEM]) ( Figure 4D ). The low beta range (13-20 Hz) was not significantly different relative to control data for all pairings; however, in the high beta range (21-40 Hz) there was a significant drop in beta phase-phase coupling between the NAc: M1 pairing (tic PPCS, 0.22 ± 0.007 versus control PPCS, 0.30 ± 0.005; p < 0.0001, t test [mean ± SEM]) ( Figure 4D ).
DISCUSSION
We have shown that disinhibition of a highly localized region of the NAc can consistently induce vocalizations in monkeys that bear a resemblance to complex vocal tics in TS patients. In our model, the expression of vocal tics was acute and reversible, as was the case with motor tics caused by disinhibition of the dorsolateral putamen. The whole-brain PET imaging demonstrated that effects of local pharmacological manipulation extended broadly to affect several cortico-subcortical regions in the limbic network, bilaterally within the cortico-basal ganglia networks. The network abnormality in the vocal tic model was in marked contrast to that seen in the motor tic model, where the most conspicuous activation was confined to the sensorimotor network, ipsilateral within the cortico-basal ganglia network. Based on the observed increases in rCBF, especially in basal ganglia-recipient regions of the cortex, multisite recordings of LFPs identified repetitive LFP spikes, although there were notable differences in the underlying properties of LFP spikes associated with each tic type. We also identified a discrete abnormality within the alpha frequency band (7-12 Hz) that was associated with vocal tic generation and was present as increased phase-phase coupling between the NAc, ACC, and M1 when the animal expressed vocal tics without obvious LFP spikes.
It is noteworthy that the generation of LFP spikes and the expression of behavioral tics were more closely associated in motor tics than in vocal tics. A less direct causal relation for vocal tics was indicated by two important observations. First, during the most intense phases of the experiment, the occurrence of LFP spikes was not always followed by vocalization, unlike as occurs with motor tics. A plausible explanation for this observation is that the M1 has direct corticobulbar and corticospinal connections that innervate motor neurons for the control of fast movement (Dum and Strick, 1991; Shinoda et al., 1981) , whereas the ACC controls vocalization via multisynaptic pathways (Jü rgens, 2009). Thus, aberrant neuronal discharges in the M1, associated with motor tics, would be more readily capable of triggering tic expressions than in the ACC. In addition, the amplitude of LFP spikes was significantly larger in the M1 than in the ACC (see Figure S2B ), and this may also contribute to more efficient production of motor tics following LFP spikes.
Second, vocal tics can occur without associated LFP spikes in the NAc, ACC (area-24c), and M1. This observation seems puzzling as such, but may provide an important clue to clarifying the fundamental nature of vocal tics and the neural mechanism driving the behavior. In striking contrast with motor tics, the vocal tics that we observed may not be a direct behavioral consequence of LFP spikes. Rather, vocal tics may be a consequence of the emergence of increased alpha signaling. This signaling occurs in LFP spike waveforms as indicated from the PSD, or can also occur as a response to elevated phase-phase coupling in the alpha frequency range. It is critical to note that such coupling can emerge without obvious voltage spikes from the background LFP activity. Increased coupling has been identified as a mechanism of information transfer between discrete networks (Belluscio et al., 2012; Fell and Axmacher, 2011) , and changes to discrete coupling frequencies have been observed in cortico-basal ganglia interactions in movement (de Hemptinne et al., 2013; Dzirasa et al., 2010; Lalo et al., 2008) and neuropsychiatric disorders (Bahramisharif et al., 2015) . The identification of prominent changes to low-frequency oscillations in the alpha range has been observed in physiological recordings from TS patients (Bour et al., 2015; Marceglia et al., 2010; Zauber et al., 2014) .
This increased alpha signaling may reflect changes in the internal emotional state of the animal. A likely hypothesis concerning the mechanism of internal state changes is that infusion of bicuculline into the NAc may lead to an increase in the basal level of dopamine release in the limbic network via activation of NAc neurons. In favor of this hypothesis, focal application of bicuculline in the NAc of the rat elicited a significant increase in extracellular dopamine in the NAc in a dose-dependent manner (Yan, 1999) . Such increases of extracellular dopamine may cause a change in alertness or motivation (Bromberg-Martin et al., 2010) , which could in turn trigger/facilitate vocalization. This hypothesis also fits well with a previous report in monkeys showing that readiness potentials in the ACC preceding voluntary utterance become significantly larger as the animals' motivation to vocalize increases (Gemba et al., 1995) . The preferential activation of the amygdalo-hippocampal complex, as observed in this study, may also increase emotional/motivational saliency that is intimately associated with a subset of vocalization behaviors.
Tics as a reaction to heightened emotional/motivational states may be described as a ''semi-voluntary'' expression of abnormal behavior. Clinically, tics are often defined as being semi-voluntary, as opposed to involuntary (Kwak et al., 2003; The Tourette Syndrome Classification Study Group, 1993) , because their expression is, in some degree, under volitional control (Cohen and Leckman, 1992) . Tics can sometimes be consciously suppressed and are frequently experienced as an irresistible urge that must be expressed, at some point, to relieve any underlying psychic tension (Dure and DeWolfe, 2006; Leckman et al., 1993) . The conscious experience of being aware of the urge to tic is commonly referred to as a premonitory urge. Such semi-voluntary aspects of tics have been generally observed in TS patients, although their underlying neural mechanisms remain largely unknown. We propose that the activity associated with tics reported in this investigation, e.g., LFP spikes and the emergence of prominent alpha phase-phase coupling, is a neurophysiological correlate of the premonitory urge. Imaging studies in TS patients have identified paralimbic areas, e.g., the ACC and the amygdala, regions that were identified in our study, as being particularly active during premonitory urge and tic generation (Bohlhalter et al., 2006; Neuner et al., 2014; Wang et al., 2011) .
In conclusion, TS is a multifaceted disorder that shows a wide range of symptom profiles. The present study demonstrates that bicuculline-mediated disinhibition of the NAc can cause vocal tics, one of the most troubling symptoms in TS. Although neural underpinnings of vocal tics may share similar properties with those of motor tics, i.e., repetitive LFP spikes in the cortico-basal ganglia networks, the causal relationship between LFP spikes and tic occurrence is seemingly more complicated in vocal tics, with elevated alpha phase-phase coupling appearing to drive expressed tics when no LFP spikes are evident. We suggest that synchronized low-frequency dysrhythmia across the cortico-basal ganglia networks is a key feature of tic generation.
EXPERIMENTAL PROCEDURES
Three male Japanese macaques (Macaca fuscata, designated R, B, and C) and two male rhesus macaque (Macaca mulatta, designated A and S) were used in this study. The animals' health was monitored by a veterinarian, and fluid consumption, diet, and weight were monitored daily. All procedures for animal care and experimentation were approved by the Institutional Animal Care and Use Committee of Primate Research Institute, Kyoto University (Permission Number: 2010-080), National Institute of Radiological Science (Permission Number: 09-1035), the University of Tsukuba Animal Experiment Committee (Permission Number: 13-249), and RIKEN Brain Science Institute (Permission Number: H22-2-216) and were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. A full description of the experimental procedures used in this study can be found in in the Supplemental Experimental Procedures. 
